lii . 


P. 5 


- i a- jyya 6:48 am 


FROM X— 33 PROG. OFC 8055725801 


?0'39t*d 


SF:4T te, 20 33 g 


The Linear Acrospike Engine 


33 C? 3 T & r 3 


In July of 1999 two linear aerospace rockei engines will power the first flight of NASA’s X-33 

'"'"'’‘c 8 ’' A X” will valjdam the respite noaI , 

* 1 ° fL “ kt “<‘ Marin's VentureSmr™ yehfc|e ^ 

7ZZ ea 7 rr r“ for nasa,j c ” rc “ 5p *“ sh "“ fe - ta *« »*.* * 

W of high chamber pressure boll cngino. ia pat becanse ***** adtoioa risk H* 
entfa. (discussed Wo.) has to™* pofbnuance w ^caol bell eatf.ee 

*** paft ' m ““ **''“'*«> » Ji<Wl to validate by grmmd to. Tie epoee shads, a 
dollar program iitoW to provide .u ofNASA's futum spo. Ilf, could not affori dte gamble 

; f :r* * P °"“ U “ 1 ' ^ttoatf, uaptovea aemrpib. eatftt, eve, a eoaveadoaul « «*„. ^ 
X-33 dem onstrator pfovido an OBKriufil, * ^ *, a**,*.., „ 

loan <*-** vehicle. Wla. ie this mdictf lookhg tmw„cket ^ kow ^ ^ 
from other rocket engines, and why was it selected for VenturoStar rM ? 

Tie linear tootle engine is one of e&mii, of potential engine concept, usbtgaa eatotal 
~ ““ K b 11 “ «fc oitleatfae. Ib a conventional rochet eatfae 

T 1 " **“ C * P “ d ta, “ 8h « ■’*’*“<*' «•«*■* div«tf „ bell noetic. la dm aetotpiba - 
!"*? oae aide of the supersonic expansion it a tmntomdy or -flag." He a*, aid, fa a fee ea r.-,,.. 

He fee strimalam producot a perfonmmee ndvnntag. ft, moke. engum, doigned to operme both deep ia 
». abaotplet. aad at vacuum aria a Slagle ttage Hoed, vebielo. He sutouatag nmbienlpmssurn « low 
tf tode rasamta lie exprislon of die mdrnusr pa A shock wave forms on lie pfog, *. en(ji „ 

«* " ’’ Ksmz 10 •""»««“»« ambient ptataute. A. altitude inetcatoa tie ambient air pressure 

^reduced, tbo exhaust expands farther and the shocb wave moves down the plug. Eventually, at high 

alltude „ moves off dm ptug ad together. h . e.ovendomd rocket cngino. a high area ratio belt com, o can 
expand tleexhauatto prosuto lower dm. dm sumounding aanosphem. The suction Aon, Ills 1„. p^. 
regton can actually mducc dm engine, net few. and produce dmaatfag sid. ltmds on the notate. For e 
given chamber p^u« end fixed mttfae geomeuy the maximum allowable ovemxptoion „ low altitude 

'“ SiW ' ”°“ fc “ M "*>• Si"“ vacuum peribmmuee ia a fitntaioa of area mSo 
imxmtma tflowobl, ovetopami., a, * M Unfits dm nmxtmum »ma, perfommneo of a bed entfno 

The altitude compensating feature of dm plug noxxle allows higher notate area ratios in eanh-ttMtrbit 
Applications, resulting in higher performance. 

wide dm aarospike's response ro dm sunounding am otont procure is the basis for its aldaxlc 
compeasaang capabfit^. |, also indoducos an element of uncertainty. AMow over the base of dm vehicle 
cao result in presrure below ambient a, dm noxxle ,air causing the not,,. „ ^ wid, a resulmn. 


MAY 14 ’98 09:47 


8055725801 


PAGE. 05 



i tn 


1 4- 1998 6:48AM FROM X-33 PROG. OFC 8055725801 P.6 

£0 3St*d 6fr:iT 46. 30 D3Q 


performance loss. This loss is most pronounced when operating near transonic Mach numbers low in the 
atmosphere. Although transonic windtunnel testing with powered models can be used to predict the installed 
performance of vehicles with aerospike engines, the ability to simulate s hot rocket engine exhaust at full 
nozzle pressure ratio is very limited. For X-33, initial aerospike performance predictions will be derived 
from the transonic windtunnel results supported by computational fluid dynamic modeling. The final 
validation of the aerospike performance and prediction models will be the actual flight of the X-33. 

The name aerospike originated in 1 9S9. Rockotdync’s Advanced Studies Group was attempting to 
reduce the cost of nozzles for small tactical rocket engines. Rocketdyne tested a concept in which two 
coaxial jets were allowed to expand in a tube. One jet was at higher pressure than die other. In theory the 
high pressure jet would expand into the low pressure jet, causing it to “choice," producing a sonic nozzle. 

An aft fating cone was added to the inner lower pressure annulus which increased the thrust coefficient 
above that of the simple sonic nozzle. The term aerospike refers to the spike shape of the free streamline 
separating the outer annulus flow from inner annulus flow. In order to generate thrust the pressure of the 
expanding gas must push against a surface, in this case the aft facing cone or "plug.” The aerospike no zz le 
differs from a conventional plug nozzle in that the gas in the inner annulus pressurizes the baso of the plug 
producing more thrust than n conventional plug. The aerospike nozzle is particularly well suited for rocket 
engines utilizing a gas generator power cycle. In the gas generator cycle propellant is combusted and 
expanded through turbines to drive the engine's propellant pumps and then dumped overboard withont 
passing through the main combustion chamber of the engine. The turbine drive gas which normally 
produces Httle or no thrust may be used to provide the base pressurization gas for the oerospike nozzle. The 
additional thrust resulting from the base pressurization allows a gas generator cycle engine to approach that 
of a conventional bell nozzle engine using the highor performing but more complex and difficult to develop 
staged combustion cycle. 

4 

The length of a supersonic nozzle may be shortened with no loss in thrust coefficient by turning the 
flow more rapidly at low Mach number and reducing the turning ax high Mach number. This is the basis for 
the evolution from simple conical nozzles to the high performance bell nozzle designs common in today’s 
engines. In the plug nozzle the low supersonic Mach number turning occurs on the outer radius resulting in 
more area change for the same angle change. When designed for equivalent levels of performance, plug 
nozzles are physically shorter than conventional nozzles making them attractive whenever volume is 
constrained. The short length of the aerospike concept made it attractive for upper stage engines where the 
length of the interstage structure adds structural weight to the vehicle. Rocketdyne studied derivatives of the 
J-2 engine for the upper stages of advanced versions of the Saturn V vehicle. The proposed J-2 aerospike 
engines for Saturn V were axisymmetric and substituted directly for the J-2 boll engines. Thrust vector 
control was provided by gunbaling the engine just as in a conventional bell. 


MAY 14 ’99 09=47 


8055725801 


PAGE. 06 



-tri 


R. i 


- 1 4.- ! b :'49AM h RUM ' X~33 RKUU. Uh C 8Wfo572580 i " 

F0'3Odd 


SP:LX LS. S0 D3d 


However, a fully integrated oerospike dosign can reap considerable weight savings by using a 
common load path for the engine and vehicle. The heavy thrust structure required to carry tho load from the 
gimbal bearing to the shell of the propellant tank is avoided. In order to take advantage of this potential 
weight saving, an alternative approach to thrust vector control is required. By differentially throttling each 
side of a linear oerospike engine it is possible to shift the thrust vector without gimbaling the thrust 
chamber. To understand how this is possible consider one side of a linear aerospdke thrust chamber. The 
thrust may be divided into components generated by the internal surfaces of the modular thruster and the 
external surface of the ramp. The sum of these forces produces both an axial force and a side force. The 
side force is canceled by the equal and opposite force generated on the opposing thrusters and ramp on the 
other side of the engine. If one side of the engine is throttled down and the opposite side is throttled up then 
a net side force is generated while the sum of tbo axial forces is constant The differential throttling of the 
two sides of the engine is provided with valves in the propellant food linos between the turbopumps and the 
thrust chamber. The power required to actuate the differential throttling valves is considerably less than that 
required to gimbal a large rocket engine and is easily satisfied with electromechanical actuators. The linear 
oerospike is particularly amenable to this design because it can provide thrust vector control in all three 
axis. For pitch, thrust chambers above and below the vehicle conter line are differentially throttled in the 
same direction. To provide roll, opposing outboard engine are differentially throttled in opposite directions. 

Finally yaw is provided by throttling the whole engine assembly up or down in thrust on opposite sides of 
the vehicle. 

When work began on the Space Shuttle in the late 1960s, the aerospike became the basis of 
Roeketdyne’s initial engine approach, and Lockheed’s StarClipper shuttle conoept used a fully integrated 
linear aerospike engine, a preview of things to come. Other contractors proposed clusters of Asymmetric 
aerospikes. Laic in the concept phase, however, the vehicle designs were revised to accept only bell 
nowles. While most of Rocketdyne turned to develop the Space Shuttle Main Engine, a small group 
continued with the development of two Linear System Tost Bed demonstrator engines using a gas generator 
cycle to power turbomachineiy originally developed for Rocketdyne’s J-2S engine. These successful test 
bed engines at 250.000 and 125,000 lbs of thrust (at vacuum) were the first full engine tests of the aerospike 
engine concept. As defined by Rocketdyne in the 1960’s the aerospike thrust chamber consisted of a 
continuous annular throat around i central plug. Test thrust chambers of this design experienced serious 
throat cooling and acoustic combustion Instability problems. The acoustic instability was solved by dividing 
the thrust chamber into independent modules of rectangular cross sections. These modules could be 
arranged around a central plug of axisymmetric, linear of oval cross section. The linear system test bed 
engines used modular rectangular thrusters on two opposing sides of a rectangular plug. 
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The X-33's linear aerospikc engines are derived from ihe linear rest bed engines. Hey will ysc the 
same J-2S turbomachlnexy a$ ihe test bed and mount 20 modular thrusters 10 each on opposing sides of a 
rectangular plug. The gas generator that powers the turbomachinery is a modification of the J-2 engine gas 
generator. Howover, the original rectangular modular thrusters will be replaced with more robust round 
thrusters that transition to a rectangular exit. The round throat thruster bos significantly lower cooling 
requirements (Jess wetted ansa) and is more efficient structurally than a rectangular throat thruster. As the 
engine does not utilize a continuous annular throat it would be marc technically accurate to describe it as a 
modular linear plug nozzle with base pressurization. The thrusters will be fabricated using a pressure 
brazing technique developed for the space shuttle main engine “large throat" combustion chamber program. 
The linear system test beds used an actively cooled plug made by brazing tubes together and supported with 
stringers and hat bands. In the X-33 engine, the brazed tube assembly is replaced by a copper pane] with 
machined cooling channels. The cooling channels are closed out with a brazed face sheet and supported by 
a honeycomb structure. For X-33 the pitch and roll thrust vector control will bo provided by differentially 
directing fuel from one side of the engine to the other using clcetromechanically actuated valves in the 
propellant lines. In order to accommodate the pressure drop of tho differential throttling valves, the X-33 
chamber pressure was reduced relative to the linear test beds. The area ratio of the engine was reduced as 
well. Yaw control will be provided by throttling the whole engine assembly up and down in thrust. As 
originally proposed, the X-33 engine would have incorporated propellant manifolding to split the propellant 
flow from two turbopump sots (one set of oxygen and hydrogen tuibopumps for each engine) between an 
inner bank of thrusters and two outer banks of thrusters to maintain symmetric thrust in an engine out 
situation. This scheme was later replaced by propellant manifolding which would feed all dir us ter banks 
simultaneously from one set of pumps in the event tho other pump set fails in flight. 

The engine for die VentureStar™ Reusable Launch Vehicle is expected to incorporate a 
significantly more advanced set of component technologies. Fiber reinforced ceramic matrix composites in 
the fuel pump turbine will permif higher turbine inlet temperatures for higher specific impulse. The copper 
externa] expansion plug will be replaced with an actively cooled coramic matrix composite nozzle and the 
thrust structure will be composite as well. Each Individual engine will be approximately twice the thrust of 
the X-33 engine and the VentureStar™ vehicle will have 7 engines os compare to 2 in the X-33. With more 
engines, the VentureStar™ will have a genuine engine out capability without resorting to the propellant 
manifolding schemes used on X-33. The thrust chamber and nozzle concept will be similar to the X-33 from 
a fluid dynamic standpoint. However, the VentureStar 1 * 1 engine will operate at more than twice the X-33 
engine chamber pressure with a correspondingly higher area ratio. Other advanced technologies proposed 
for the VentureStar™ engine include health mocitonUg and LASER ignition. 
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The single stage earth to orbit reusable launch vehicle is arguably the most demanding rocket 
propulsion application ever attempted, but the potential payoff in lower launch cost and operability is 
dramatic, An engine with high thrust to weight and high specific impulse is a necessary requirement to 
achieve this gcaL However, a commercially viable reusable launch vehicle cannot sacrifice life and 
operability to achieve high performance. Nor can it afford the development budgets typical of government 
space and defense programs at the height of the cold war. The altitude compensating linear aarospiko engine 
operating on oxygen and hydrogen propellants produces high performance with a simple gas generator 
power cycle. Both altitude compensation and thrust vector control are provided without variable geometry 
w gimbaling, and the vchiolo and engine load paths can be integrated for significant weight savings. When 
coupled with on innovative lifting body vehicle, the road not taken after 1973 now promises a revolution in 
space transpiration. 


